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The short-spacing problem describes the inherent inability of radio-interferometric arrays to measure the integrated flux
and structure of diffuse emission associated with extended sources. New interferometric arrays, such as SKA, require
solutions to efficiently combine interferometer and single-dish data.
We present a new and open source approach for merging single-dish and cleaned interferometric data sets requiring a
minimum of data manipulation while offering a rigid flux determination and full high angular resolution. Our approach
combines single-dish and cleaned interferometric data in the image domain. This approach is tested for both Galactic and
extragalactic Hi data sets. Furthermore, a quantitative comparison of our results to commonly used methods is provided.
Additionally, for the interferometric data sets of NGC 4214 and NGC 5055, we study the impact of different imaging
parameters as well as their influence on the combination for NGC 4214.
The approach does not require the raw data (visibilities) or any additional special information such as antenna patterns.
This is advantageous especially in the light of upcoming radio surveys with heterogeneous antenna designs.
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1 Introduction
Future radio-interferometer arrays will enable a new genera-
tion of Hi 21 cm line surveys for studying different scientific
aspects of galaxy dynamics and evolution as well as the in-
terstellar medium (ISM) (Dickey et al. 2013; Johnston et al.
2008). In the future, various surveys will be conducted with
the Australia’s Square Kilometer Array Pathfinder (ASKAP,
Johnston et al. 2009) such as the GASKAP survey (Dickey
et al. 2013), or with Meerkat (de Blok et al. 2009), the
South African SKA pathfinder, such as the LADUMA sur-
vey (Holwerda et al. 2012). These instruments will not only
measure the gas distribution of the Milky Way with high an-
gular resolution, but also investigate the Hi content of galax-
ies in the local universe (Duffy et al. 2012; Oosterloo et al.
2010). New technologies such as focal plane arrays increase
the survey speed by more than an order of magnitude (Nor-
ris 2011). With these improvements, large-scale surveys at
arcsecond angular resolution become feasible.
For these new facilities one of the major issues will be
handling the huge amount of data (Dickey et al. 2013; Nor-
ris 2011). For these surveys the long term storage of the raw
data (visibilities) is actually not planned and most likely not
feasible. Automated on-the-fly data reduction pipelines and
? Corresponding author: shahram.faridani@gmail.com
parameterized source finding algorithms will be used (Pop-
ping et al. 2012; Serra et al. 2015; Whiting 2012) to extract
science-ready data from these observations.
All these new facilities are interferometric arrays, which
are, by design, subject to the so-called short-spacing prob-
lem (Braun & Walterbos 1985). The lack of very short base-
lines leads to insensitivity to emission from large angular
scales. This is particularly an issue when observing the neu-
tral Galactic ISM or diffuse HI halos around galaxies (Stan-
imirovic´ et al. 1999). In this respect, single-dish telescopes
will still be important to study Galactic Hi emission or the
diffuse ISM in nearby galaxies. Single dishes provide the
missing-spacing information which can be added to an in-
terferometric observation. This process is called the short-
spacing correction (SSC, Stanimirovic´ 2002). The aim of
this procedure is to recover the integrated flux density and
diffuse emission, as measured with a single dish, while pre-
serving the high angular resolution of an interferometer.
Interferometry is an important observational approach
for wavelengths from sub-millimeter, millimeter to the cm
regime and beyond. SSC is important and desirable espe-
cially for instruments such as ALMA and NOEMA (e.g.,
Schinnerer et al. 2013), where the combination of interfer-
ometric and single-dish data sets is indispensable and con-
stantly used.
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2 Faridani et al.: A new approach for short-spacing correction in the image domain
However, the combination of single-dish and interfero-
metric data sets is non-trivial. Typically, either individual
SSC implementations are developed for a specific purpose
or data set, or require the user to adjust various parameters
(e.g., Blagrave et al. 2016; Stil et al. 2006). This situation
motivated us to perform a detailed investigation of standard
SSC schemes and eventually led to the development of a
new approach, which operates in the image domain. More-
over, this new approach is ideally suited also for online use
on the large data sets from future facilities.
In addition, methods using the Fast Fourier Transforma-
tion (FFT) inherently adopt periodicity of the signal. This
may cause artifacts produced by structures close to the edge
of or even beyond the primary beam of the radio interferom-
eter. This is again a common case for observations of Galac-
tic extended structures, where a significant amount of bright
emission is located at the borders of each map (Ro¨hser et al.
2016).
We also investigate differences between existing meth-
ods for the SSC from the perspective of the observer. An-
alyzing real observations rather than simulations allows to
test our approach by adopting inherently realistic conditions
(artifacts, calibration offsets, radio frequency interferences
(RFI), unstable baselines, etc.). Especially, we use Hi obser-
vations of the Small Magellanic Cloud (SMC, Stanimirovic´
et al. 1999; Staveley-Smith et al. 1997) and different in-
terferometric Hi data cubes of NGC 4214 and NGC 5055
from The Hi Nearby Galaxy Survey (THINGS, Walter et al.
2008). These different objects with large and variable an-
gular extents on the sky provide ideal test cases for our
method.
Additionally, we investigate the impact of two different
imaging parameters, i.e., weighting scheme and pixel size
on the result of the interferometric data and combination,
respectively. We investigate the changes of different char-
acteristics in the interferometric map, in particular the flux
density, as a function of the aforementioned imaging param-
eters.
These parameters are of great importance for the combi-
nation, since the characteristics of each interferomteric map
affect the result of combination significantly. Furthermore,
long term storage of interferomteric raw data is not feasible
for the upcoming interferometric facilities. Therefore, the
data reduction process can not be repeated arbitrarily.
The structure of the paper is as follows: Section 2 pro-
vides a brief introduction to the principle of synthesis imag-
ing, the short-spacing problem, and the princible solution
to perform the SSC. Section 3 presents the details of the
SMC, NGC 4214, and NGC 5055 data. Section 4 describes
our approach for performing the SSC in the image domain.
Section 5 presents the evaluation of our approach. Section 6
comprises a comparison of the results of combination for
the SMC data sets using three different methods. Section 7
discusses the interferometric imaging parameters weighting
scheme and pixel size and Section 8 discusses their impact
on the flux distribution of the resulting synthesized image
and the SSC. Section 9 summarizes our results and provides
an outlook regarding possible future work.
2 Synthesis imaging and missing spacings
The smallest angular scale that can be resolved decreases
with increasing frequency and telescope diameter. In syn-
thesis imaging, signals from a large number of medium
sized telescopes are combined. In principle, the largest sep-
aration between the array dishes (longest baseline) deter-
mines the best achievable angular resolution.
The synthesized image presents a best model of the true
sky intensity distribution I(ν)(l,m) of a source as a func-
tion of direction cosines l,m. The final image is recon-
structed from a non-uniformly sampled visibility function
V (ν)(u, v) via the Fourier transformation, where the observa-
tion is conducted for a specific frequency ν, i.e., line obser-
vation or a finite range ν in case of continuum observations.
Equation 1 describes the relationship between the visibility
V (ν)(u, v) and the brightness distribution I(ν)(l,m)
V(u, v) =
"
I(l,m)A(l,m)e−2pii(ul+vm) dldm, (1)
where A(l,m) is the primary beam of a single antenna of
the array at a certain frequency ν. Visibilities V(ui j(t), vi j(t))
are measured in the (u, v)-domain, where each sample is the
cross correlation of incoming signals for an antenna pair
(i, j). (ui j(t), vi j(t)) is referred to as a baseline
−→b .
Henceforward, we neglect the degradation of the visibil-
ities due to integration time and finite bandwidth (Thomp-
son 1999, and references therein).
An interferometer samples the visibility space at dis-
crete points given by the array properties. In this case, one
writes:
V (ν)obs(u, v) = V
(ν)
true(u, v) · S (ν)(u, v), (2)
with the sampling function S (ν)(u, v):
S (ν)(u, v) =
{
1, if (u, v) ∈ observations
0, otherwise (3)
Using the inverse Fourier transformation and the convo-
lution theorem, one retrieves the dirty image (ID(ξ, η)) and
dirty beam. The latter is the inverse Fourier transformation
of the sampling function S (ν)(u, v).
F−1(V (ν)obs(u, v)) = F
−1(V (ν)true(u, v) · S (ν)(u, v)) (4)
ID(ξ, η) = F−1(V (ν)true(u, v)) ∗ F−1(S (ν)(u, v)).
V (ν)true(u, v) and V
(ν)
obs(u, v) are true and observed visibili-
ties. The “∗” symbol denotes the convolution of the two in-
verse Fourier transformations.
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Measuring as many data points as possible in the (u, v)-
plane is essential for an interferometric observation. How-
ever, one cannot sample the entire (u, v)-plane. Each miss-
ing baseline means that certain spatial frequencies are not
measured. Thus, the integral is not uniquely solvable and
can only be determined approximately. However, in prac-
tice it is impossible to position antennas at arbitrarily many
locations. Aperture synthesis makes use of the Earth’s ro-
tation to increase the (u, v)-coverage. Mosaicing is another
approach to improve the (u, v)-sampling, where a mea-
surement consists of a concatenation of different pointings
(Holdaway 1999; Stanimirovic´ 2002).
Before the interferometric data can be used for scientific
purposes, deconvolution is necessary. Deconvolution tries
to reconstruct the true brightness distribution from the lim-
ited sample of visibilities. The most common deconvolution
technique is the CLEAN algorithm as introduced by Hog-
bom & Brouw (1974) and its variants (e.g., Clark 1980).
2.1 Short-Spacing Problem (SSP)
For any interferometer the central region of the (u, v)-plane
is never sampled (u = v = 0). This is due to the physi-
cal size of the dishes and their minimal separation, which
is referred to as the shortest baseline. The incompleteness
of the (u, v)-coverage at low spatial frequencies, known as
the short-spacing problem (SSP), leads to an insensitivity
of interferometers towards emission on large angular scales.
u = v = 0 contains the total power information. The total
flux density for a source is then given by:
V(0, 0) =
"
I(l,m) dldm =
∫
I dΩ = S tot. (5)
Note that the integrated flux density in the dirty image is
zero (Taylor et al. 1998). By cleaning, part of the integrated
flux density can be reconstructed. The effect of short spac-
ings is negligible for objects that are small in comparison
to the extent of the primary beam. For Galactic objects and
nearby galaxies however, which are large extended struc-
tures, the lack of sensitivity towards low spatial frequencies
is a severe shortcoming. One specific example are the dif-
fuse, low-column density, extended Hi disks around galax-
ies (e.g., Bigiel et al. 2010a,b; Thilker et al. 2005).
The interferometric observations of these objects suf-
fer from the so-called negative bowls. These denote an im-
age degradation that arises due to the lack of information
on emission from large angular scale structures during the
imaging process.
To overcome the missing-spacing problem, the data
from a single-dish telescope is required to fill the gap be-
cause these only measure total power.
For the combination the u, v overlap region of both is
of great importance (Stanimirovic´ 2002). Here, both instru-
ments are sensitive (Fig. 1) for the object’s structure.
 
D
Single dish
Interferometer
Intensity
Fig. 1 Schematic view of the overlap region between sin-
gle dish and interferometer. The overlap region corresponds
to spatial scales towards which both instruments are sensi-
tive.
The most common techniques for adding missing spac-
ings are part of one of the major astronomical data reduc-
tion packages (e.g. imerg in AIPS (Associated Universi-
ties 1999), feather in CASA (International Consortium
Of Scientists 2011) and immerge in MIRIAD (Sault et al.
2011)), where the combination occurs in the Fourier domain
using single-dish and deconvolved interferometric data. The
combination can also be performed prior to deconvolution.
In this case a proper combined beam is necessary as shown
by Stanimirovic´ (2002).
Next, we introduce the data sets that are used to com-
pare our combination method in the image domain to these
established techniques.
3 Observations and data
In this section, we present the Small Magellanic Cloud
(SMC), NGC 4214 and NGC 5055 Hi data sets. The SMC
data sets presented stem from Stanimirovic´ et al. (1999).
They used Hi observations obtained with the 64m Parkes
telescope and the Australia Telescope Compact Array
(ATCA) (Stanimirovic´ 2002). We use the SMC data sets to
evaluate the performance of our approach. Furthermore, we
use NRAO VLA observations of NGC 4214 (Andrews et al.
2013; Hermelo et al. 2012; McIntyre 1998; Sollima et al.
2013) and NGC 5055 (Battaglia et al. 2006; Patterson et al.
2012) obtained as part of the THINGS survey (Walter et al.
2008) in order to demonstrate the impact of the imaging
parameters (pixel size and weighting scheme) on the inter-
ferometric data.
We do not use the SMC data sets to study the impacts of
different imaging parameters, since the data set is an inter-
ferometric mosaic consists of 320 pointings (Stanimirovic´
1999; Staveley-Smith et al. 1997). The (u, v)-coverage of
this observation is very complex and therefore, inappropri-
ate for the purpose of our study. Whereas, the interfero-
metric observations of NGC 4214 and NGC 5055 are single
pointings.
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3.1 The SMC observations and data
The Small Magellanic Cloud (SMC) is a nearby dwarf
galaxy located at a distance of approximately 60 kpc
(Graczyk et al. 2014). The measured Hi mass for the SMC
varies between 3.4 × 108 ≤ M ≤ 5.5 × 108 (Bajaja
& Loiseau 1982; Bru¨ns et al. 2005; Putman et al. 2003;
Stanimirovic´ et al. 1999). The variations in the measured
Hi masses are probably caused by the different field of views
of various observations. The galaxy reveals a complex mor-
phology with a non-symmetric shape (Fig. 3). Various stud-
ies show that the galaxy has a strong filamentary structure
with small, compact clumps embedded in a considerable
amount of diffuse gas (Stanimirovic´ et al. 1999; Staveley-
Smith et al. 1997). This is obvious in the interferometric and
single-dish observations of the galaxy. The presence of both
warm and cold components in combination with the nearby
location makes it an ideal test object for various SSC meth-
ods.
While the single-dish observation reveals the non-
symmetric shape of the SMC, the interferometric
observation show a wealth of small-scale structures.
Both observations cover an area of approximately 20
degrees2 (Stanimirovic´ 1999; Staveley-Smith et al. 1997).
The angular resolution of the single-dish data is 18.8’, the
corresponding value for the interferometric data is 98”.
The spectral resolution in the interferomteric and regridded
single-dish data cubes is 1.65 km s−1with heliocentric
velocities 88 ≤ v helio ≤ 216 km s−1. The measured rms
noise level in the low- and high-resolution data sets are
≈ 145 mJy beam−1and ≈ 18 mJy beam−1.
The quality of both single-dish and interferometric data
is of great importance for the combination. Therefore, Sta-
nimirovic´ et al. (1999); Staveley-Smith et al. (1997) per-
formed different calibration and data editing measures (e.g.,
removing solar interference etc.) to obtain the best possible
image for both data sets.
Both the Parkes and ATCA images were tapered by mul-
tiplying by a function which smoothly decreased the image
intensities to zero near the edges. This is important, since
the Parkes image in particular has non-zero emission ob-
served all over the map. The sharp edges produce strong
horizontal and vertical ringing (spikes) in the center of the
Fourier plane (Miville-Descheˆnes et al. 2002) after Fourier
transforming (Stanimirovic´ 1999).
3.2 NGC4214 and NGC5055 observations and Data
In the following, we present different data sets of NGC 4214
and NGC 5055 observations. The reason for this selection is
that these galaxies are located at different distances and they
have substantial differences in their morphology, extent, and
physical parameters (Leroy et al. 2009). Table 1 presents the
physical and observational parameters of these two galaxies.
They also differ in the amount of faint diffuse gas present in
and around the galaxy (Walter et al. 2008). Furthermore,
these galaxies are well separated from Galactic emission in
velocity (Walter et al. 2008, their Fig. 1).
Galaxy Type Dist. v sys r a25
[Mpc] [km s−1] [arcmin]
NGC 4214 irr. dwarf 2.9 291 3.4
NGC 5055 sbc 10.1 484 5.9
Table 1 Characteristics of NGC 4214 and NGC 5055.
Note that r 25 is the radius of the B-band 25 mag arcsec2
isophote (Leroy et al. 2009).
For each of these galaxies, four different interferomet-
ric data cubes have been imaged. New data sets have been
produced based on the VLA raw data from the THINGS ob-
servations. The data reduction has been performed using the
THINGS pipeline (Bigiel, priv. comm.). The details of the
imaging process are presented by Walter et al. (2008). Note
that all the presented data in this work are corrected for the
primary beam efficiency.
These four data cubes differ in the applied weighting
scheme and pixel size. For consistency, the pixel sizes and
number of pixels along R.A. and Dec. axes have been
chosen such that all the data sets have the same FoV (≈
0.4 degree).
For each galaxy, four data sets are imaged using robust
parameters 5 and 0.5. While 5 is nearly pure natural weight-
ing and achieves data sets with higher sensitivity, the latter
robust parameter produces data sets with higher angular res-
olution. Henceforward, we refer to these data sets as NA for
natural (robust parameter 5) and UN for uniform (robust pa-
rameter 0.5) weighted, respectively. Note that the used pa-
rameters are from AIPS and differ for other astronomical
frameworks.
For each pair of data sets with natural and robust weight-
ing, two different pixel sizes of 1.5” and 3” are chosen.
Table 2 summarizes the important characteristics of both
NGC 4214 and NGC 5055 interferometric data sets. The
last column shows the measured total flux in the unmasked
velocity-integrated intensity maps. Note that both angular
resolutions of data sets as well as the amount of measured
integrated flux densities change for different data sets de-
pending on the applied weighting scheme and chosen pixel
size.
4 The new SSC approach applied to the
SMC data
We present our new and open source approach for comb-
ing single-dish and cleaned interferometric data sets in the
image domain 1.
1 The code is publicly available.
https://bitbucket.org/snippets/faridani/pRX6r
Copyright line will be provided by the publisher
asna header will be provided by the publisher 5
NGC 4214 Pixel Weight. Beam Tot. flux
[arcsec] [arcsec] [Jy km s−1]
512 × 512 3 NA 18.7 × 19.8 116.1
512 × 512 3 UN 8.7 × 8.8 -0.57
1024 × 1024 1.5 NA 13.8 × 14.6 106.1
1024 × 1024 1.5 UN 6.3 × 7.4 -19.4
NGC 5055
512 × 512 3 NA 10.4 × 12.6 263.5
512 × 512 3 UN 7.6 × 8.0 110.4
1024 × 1024 1.5 NA 8.6 × 10.1 255.9
1024 × 1024 1.5 UN 5.3 × 5.8 81.1
Table 2 The natural (RA) and uniform (UN) weighted
data cubes of NGC 4214 and NGC 5055. In the process of
imaging, for each data set two different pixel sizes have been
chosen. However, the data sets have the same FoV. Beam
size corresponds to the FWHM of the beam minor and ma-
jor axis in each data cube. The measured total flux for each
data cube is presented.
In the first step both input FITS2 files (low- and high-
resolution data sets) are imported and the angular reso-
lutions of the single-dish and interferometric data are re-
trieved from the corresponding FITS headers. Additionally,
we check if both data sets have compatible brightness units.
Since, low- and high-resolution data sets have different co-
ordinate systems and projections, regridding is required.
Regridding is the process of interpolation from a specific
coordinate grid to a different one. The chosen default regrid-
ding scheme is linear interpolation which conserves surface
brightness/intensity. This is a crucial factor for the combi-
nation. Linear interpolation is prone to block-like artifacts.
The significance of the artifacts is higher when the differ-
ence in the grid resolution of both low- and high-resolution
is large. The need for interpolation can be circumvented if
an appropriate pixel grid is chosen during the single-dish
data reduction process (due to the lower resolution of the
single-dish data these are often on a coarser grid, i.e., the
angular size of each pixel is larger).
Note that if the intensities are in units of Jy/beam, the
units are different for the interferomteric and the single-dish
data sets (Jy/beam int and Jy/beam sd, respectively). This is
the reason why Eq. 6 contains the correction factor α, which
is the ratio of the interferometric and the single-dish beam
areas: α = beam area int/ beam area sd.
Furthermore, It is important to note that for data sets in
units of K, Jy/pixel, Jy/arcseconds, etc., the factor α is not
necessary and must be omitted from the Eq. 6. Our pipeline
recognises and treats all these units appropriately.
For the determination of missing flux, the interferomet-
ric data are convolved with a two dimensional, normalized
Gaussian kernel such that the angular resolution of the con-
volved interferometric data matches the single dish data.
2 Flexible Image Transform System (FITS) is a standardized file format
commonly used for storing astronomical data.
The difference between the convolved interferometric and
the regridded single-dish data cube is proportional to the
missing flux, i.e., the missing information that the interfer-
ometer lacks.
The additional flux is added to the interferometric data
set and the combined data set is exported. Mathematically,
this is written as follows:
I missing = I
reg
sd − I convint (6)
I comb = I int + α · I missing.
I missing is the missing flux only observed by the sin-
gle dish. I regsd is the regridded single-dish data set, I
conv
int the
convolved interferometric data set as described before. The
combination I comb is the result of summation of the inter-
ferometric data set I int and the missing flux multiplied by
α.
Figure 2 shows the data flow of the developed short-
spacing approach, where the solid lines show the data flow
and the dotted lines the retrieved information from the
header.
Our code is written in Python and makes use of existing
CASA tasks and image tools (International Consortium Of
Scientists 2011).
5 Evaluation of the SSC method for SMC
data
The measured total flux densities in the low- and high-
resolution data cubes are 4.5 × 105 Jy km s−1 and 1.4 ×
105 Jy km s−1, respectively. Hence, the interferometer mea-
sures less flux than the single dish. The corresponding value
in the combined data cube is 4.5 × 105 Jy km s−1. The in-
terferometer only receives about 30% of the total flux. The
recovered angular resolution in the combined data is 98”.
The mean rms noise level in the combined data cube is
about 20 mJy beam−1, which is slightly higher than the cor-
responding value in the high-resolution data set. It is how-
ever considerably lower than that of the value of the low-
resolution data cube. Nevertheless, it is important to recall
that the noise in both, the interferometric and the combined
map, is a strong function of the considered angular scales.
The noise level is directly related to the sampling of the
(u, v)-plane.
Figure 3 shows velocity integrated maps of the SMC.
Panel (a) shows the flux density map of ATCA, panel (b)
for the combination. Panel(c) quantifies the relative contri-
bution of emission gained by the SSC. Apparently, there
is a considerable amount of diffuse extended structures in
the SMC, demonstrating how significantly the interferomet-
ric observation of the SMC suffers from the negative bowls
(Braun & Walterbos 1985, their Fig. 1a and b).
Additionally, the cumulative flux as a function of radial
separation from the center of the map (Fig. 4, panel a) as
well as sum spectra (Fig. 4, panel b) for all three data sets
Copyright line will be provided by the publisher
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Fig. 2 Data flow scheme of the developed short-spacing method in the image domain. The dotted lines represent the
metadata retrieved from the header. The solid lines present the data flow. The inputs are the low- (single-dish) and high-
resolution (interferometric) data cubes. The output is the combined data cube.
are calculated. In both panels, the blue line presents the re-
gridded low-resolution data (Parkes reg), the green line the
high-resolution data (ATCA), and the red line the combined
data. The measured cumulative flux density shows that the
result of the combination is in line with the measured val-
ues from the regridded Parkes data for all radii. This is also
true for the flux density values in panel (b), where the total
flux density is determined separately for each spectral chan-
nel. Note the strong deviation between the measured values
in the first channels of the sum spectra (Fig. 4, panel b) for
single-dish and interferometric data sets. Here the interfer-
ometer receives significantly more flux than the single-dish.
The origin of the deviation could not be conclusively deter-
mined from the data at hand. However, these first few chan-
nels are mainly noise dominated. The flux difference can be
a result of using the MEM algorithm for cleaning the inter-
ferometer data cube as discussed in Stanimirovic´ (2002).
The combination results demonstrate the importance of
the zero-spacing correction regarding determination of the
physical and morphological properties of the objects. The
results also show that the total flux in the combined map is
quantitatively consistent with the total flux measured with
the Parkes telescope, whereas the angular resolution of the
ATCA data set is preserved.
6 A Comparison of different SSC approaches
We present a comparison of the results of our combination
method with two other common approaches. These are in-
troduced in Sect. 6.1 and 6.2 respectively. The results for the
SMC data set are discussed in Sect. 6.3.
6.1 Combination before deconvolution (CBD)
This method makes use of the linearity of the Fourier trans-
form. The linearity allows to perform the SSC in the im-
age domain. The result of the combination is a combined
dirty image. The image needs to be deconvolved using an
appropriate combined beam. The following equations de-
scribe the method mathematically:
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Fig. 3 The SMC flux density maps. Panel (a) shows the flux density map of the ATCA data, panel (b) the flux density
map of the combined data. Panel (c) shows the the ratio of missing spacings smc/combined smc. It is the relative contribution
of the emission gained through combination. It shows, how strongly the interferometric observation of the SMC suffers
from the negative bowls.
IDcomb = (I
D
int + α · f cal · IDsd)/(1 + α) (7)
B comb = (B int + α · B sd)/(1 + α).
IDint is the interferometric dirty image, I
D
comb the com-
bined dirty image, and B comb the combined synthesized
beam. α estimates a factor for the resolution difference be-
tween the interferometric and single-dish data. f cal is the
measured calibration factor of the flux-density scales for the
interferometric and single-dish data, where f cal is retrieved
from the overlap region of single-dish and interferometric
data (compare Fig. 1). It presents the systematic difference
of calibration for interferometer and single dish. E.g., for
the presented SMC data sets the value is f cal = 1.05 ± 0.05.
For the combined data set, the deconvolution is per-
formed in MIRIAD using the maximum entropy algorithm
(Stanimirovic´ 1999, and references therein).
This method requires both visibilities as well as the ex-
act knowledge of single-dish and interferometric antenna
pattern. The former is not a well determined quantity.
6.2 Combination in the Fourier domain (Feather)
Feathering and its variations are the most commonly used
approaches to perform the SSC, where the combination
occurs in the Fourier (spatial frequency) domain. The
feather task in CASA operates in a similar fashion as the
immerge task in MIRIAD and imerg in AIPS (International
Consortium Of Scientists 2011).
The combination method can be summarized as fol-
lows: First, both single-dish and imaged interferometric
data cubes are Fourier transformed. Second, the Fourier
transform of the regridded single-dish and interferometric
data is tapered with two tapering functions w′(k) and w′′(k).
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Fig. 4 Panel (a) shows the measured cumulative flux for the SMC data sets. Panel (b) presents the sum spectra of the
same data sets, where the flux value is measured separately for each channel. In both panels the blue line presents the
regridded Parkes data set, the green line the ATCA data, and the red line the combined data. Note that both red and blue
points reveal very similar values as the measured values in single-dish and combined maps are in excellent agreement in
both panels.
The sum of both tapering functions w′(k) and w′′(k) is a
Gaussian function with a FWHM value equal to that of
the interferometric image (Stanimirovic´ 2002). This ensures
that the interferometric angular resolution is preserved after
the combination. For the combination the single-dish data
is deconvolved. The deconvolution is necessary since the
single-dish data also has an antenna pattern. This can be re-
trieved by:
V(u, v) =
V sd(u, v)
b sd(u, v)
, (8)
where V sd(u, v) is the single-dish visibilities. In this case,
the single dish is considered as an interferometer with infi-
nite large number of receiving elements and a monotoni-
cally decreasing distribution of baselines from zero to Dsd,
where Dsd is the diameter of the single-dish telescope (Stan-
imirovic´ 2002). b sd(u, v) is the antenna pattern of the single
dish. The resulting visibilities from Eq. 8 need to be rescaled
by the scaling factor f cal as described before. Hereafter the
combination term is:
V comb(k) = w′(k) · V(k) + f cal · w′′(k) · V sd(u, v). (9)
After combination the result is transformed back to the
image domain (Stanimirovic´ 1999). For feathering it is im-
portant that the input images have a well-defined beam
shape. The deconvolution step (Eq. 8) also requires care.
The Fourier transform of the beam approaches zero for large
values of k. As a result of this, the noisier high spatial fre-
quencies are even amplified. To minimize this effect, an ap-
propriate tapering function is to be applied.
We used the feather task in CASA to perform the
combination in the Fourier domain. The inputs are the re-
gridded single-dish and interferometric data, observed with
64 m Parkes telescope and the ATCA (Sect. 3.1). The ap-
plied scaling factor f cal for the single-dish data is ∼ 1
(Sect. 6.1).
6.3 Results of combination for the SMC data sets
Figure 5 shows the velocity-integrated maps for all three
combination methods. The left panel is the CBD result, the
middle map the combination in the spatial frequency do-
main applying feathering, and the right panel the result of
our combination approach.
The amount of recovered integrated flux density from
the velocity-integrated maps is very similar in all three
cases. The values are consistent with the corresponding
value from the regridded single-dish data. Both, CBD and
feathering are sensitive to bright isolated structures within
the primary beam and close to its rim. Thus, the single-
dish data needs to be tapered prior to combination (Stan-
imirovic´ 1999). This leads to a lower final angular resolu-
tion of the scientific data. This is not mandatory for our
combination method, since this method does not require any
Fourier transform.
Figure 6 shows the power spectral density (PSD) pro-
files of two combined data sets. The green line shows the
PSD profile of the combined data set using our introduced
approach, the blue line for the combined data set using
Feather task in CASA, respectively. Both methods show
very similar results at middle and higher spatial frequencies.
However, there exists a difference in the amount of mea-
sured power at the lower spatial frequencies, where feather-
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Fig. 5 Velocity-integrated maps for all three combination methods. The left panel is the result of combination before
deconvolution (CBD), the middle map the combination in the spatial frequency domain (feather), and the right panel our
combination method (SSCIM).
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Fig. 6 Power spectral density (PSD) profiles of two com-
bined data sets. The blue line represents the PSD for the
combination using feathering, the green line for SSCIM.
ing shows higher values at these regions. It is unclear what
causes this difference. But since in feathering tapering and
deconvolution is involved, we think that these operations
may change the flux at the largest scales. It might be related
to both w’ and w” parameters as introduced in Eq. 9.
7 Synthesized imaging parameters
An interferometric image is a model or best guess of the
true brightness distribution of the object. Different choices
and strategies during the process of imaging affect the fi-
nal result substantially. In the current section we discuss the
impact of two imaging parameters: pixel size and weighting
scheme on the reduced interferometric data.
7.1 Pixel size
For the Fourier transformation the visibilities need to be
brought onto a regular grid. This is realized by convolv-
ing the raw data with a specific gridding kernel. We chose
to Nyquist sample the data and thus the pixel size is set to
≈ 1/(2 ·√2) of the FWHM (Winkel 2008).
7.2 Weighting scheme
For an interferometric observation, the density of the sam-
pling points in the (u, v)-plane is not uniform and varies
with the observing time. The coverage of the central re-
gions of the (u, v)-plane is commonly more complete be-
cause of redundancy than in its outer regions. Different
weighting schemes have been introduced to emphasize dif-
ferent regions in the (u, v)-plane (Briggs 1995). For a spe-
cific weighting scheme, Eq. 4 can be modified as follows:
F−1(V (v)obs(u, v)) = (10)
F−1(V (v)true(u, v) · S (v)(u, v) ·W(u, v))
where W(u, v) describes the applied weighting scheme.
Consequently, the dirty beam and clean beam change
through multiplication with W(u, v).
For interferometric observations, each visibility sam-
ple is given a weight during the imaging process (see
Eq. 10).Different weighting schemes give a trade off be-
tween higher sensitivity and higher angular resolution
(Briggs 1995). In the following we briefly introduce some
weighting schemes:
Natural weighting emphasizes all visibilities equally.
For this weighting scheme W(u, v) ∝ 1.
In the Uniform weighting, weights are inversely propor-
tional to the density N of the sampling function W(u, v) ∝
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1/N. The latter weighting scheme emphasizes the less sam-
pled long baselines resulting in a higher noise level in the re-
constructed interferometric image. This latter scheme, how-
ever, yields a better resolution, i.e., smaller synthesized
beam, compared to that of natural weighting.
Robust weighting parameterizes the weighting function
with a single parameter R to vary between the natural and
uniform weighting schemes. By varying this parameter, im-
ages with sensitivities close to naturally weighted maps but
with angular resolutions closer to those of uniform weight-
ing (Briggs 1995) are calculated.
8 Impact of imaging parameters on the
interferometric and SSC data
In this section, we discuss the influence of the visibility
weighting scheme and pixel size on the resulting interfer-
ometric image and SSC.
Figure 7 demonstrates the effect of different weighting
schemes on the resulting sampling function as well as the
final interferometric image for the NGC 4214 data sets. The
presented results stem from the same visibilities and have
the same FoV, however, they differ in the applied weight-
ing schemes. The arrangement of the figure is as follows:
The top panels show the result of a Fast Fourier Transfor-
mation (FFT) of the cleaned interferometric observations of
NGC 4214 with different weighting schemes. The top left
panel shows the gridded (u, v)-coverage for natural weight-
ing, the top right panel for robust weighting.The bottom
panels show the velocity-integrated maps of the same ob-
servation for the natural and uniform weighting schemes,
respectively. The chosen pixel size for this observation is 3
arcseconds. In the top left panel the more numerous visibil-
ities at small (u, v)-distance lead to a lower rms noise level
and higher sensitivity towards large angular scale struc-
tures, whereas the applied weighting scheme in the top right
panel increases the weight for visibilities at large (u, v)-
distance resulting in a higher noise level. The latter weight-
ing scheme puts the emphasis on the small angular scale
structures and achieves a better angular resolution compared
to the former one. The measured beam size for the naturally
weighted data set is about 20 arcseconds, whereas the cor-
responding values for the uniformly weighted data is about
10 arcseconds.
8.1 Flux variations as a function of weighting scheme
and pixel size
For all interferometric data sets of NGC 4214 and
NGC 5055, the cumulative flux as a function of radial sep-
aration from the center of the map in ever larger radii is
measured. Thus, the measured value in the largest radius
corresponds to the integrated flux density in each data set.
Panel (a) of Fig. 8 shows the measured flux densities for all
data sets of NGC 4214, Fig. 9 for NGC 5055, respectively.
For the NGC 4214 data sets the measured total flux in-
creases in the central regions. The maximum value is mea-
sured at a radius of about 8 arcminutes for all 4 data sets.
At this radius the bulk of the emission from the galaxy is
measured. For the larger radii the cumulative flux decreases.
This is due to the deep negative bowls around the galaxy,
which are the result of the missing spacings as described in
Sect. 2.1. Note the significant difference in the measured to-
tal fluxes for both data sets with the natural weighting (panel
a - red and green lines) compared to the values measured in
data cubes with the robust weighting (panel a - blue and
black lines). For a given weighting scheme, the amount of
measured total flux is higher for data sets with larger pixel
size (in this case, 3 arcseconds).
The effect of applied weighting scheme can be sum-
marized as follows: The uniform (robust 0.5) weighting
scheme puts the emphasis on the long baselines. The sam-
pling points in these regions of the (u, v)-coverage are more
sparse than the central regions. This results in a higher noise
level and lower sensitivity towards large-scale structures.
Additionally, the amplitude of the sidelobes in the synthe-
sized antenna pattern are higher which results in deeper neg-
ative bowls around the structure. Note, the difference in the
measured total flux for data sets with natural and uniform
weighting, where the measured total fluxes in the naturally
weighted data sets are significantly higher than those of the
uniformly weighted data sets.
The overlap region between single-dish and interfer-
ometric observation decreases significantly for uniform
weighting. This is an important factor for the combination.
Therefore, are uniform weighted data sets are less appropri-
ate for the combination.
Note, that the effect of different pixel sizes compared
to the choice of applied weighting scheme is smaller but
not negligible. The analysis demonstrates that the effect of
pixel size is purely a smoothing effect. A larger pixel grid
smoothes the visibilities. Panel (b) of Fig. 8 shows the re-
sult of PSD for different NGC 4214 data sets. The PSD
profiles show that we measure higher power at lower spa-
tial frequencies for naturally weighted data set for a given
pixel size, corresponding to higher power at larger angu-
lar scales. The trend, however, changes at higher spatial
frequencies, where the uniformly weighted data sets (with
their smaller synthesized beam) recover more emission. The
smoothing as a result of a larger pixel size suppresses both
low and high spatial frequencies, where the PSD profiles
reveal less power (red and cyan lines compared to blue and
green lines). The result also shows that smoothing affects
the measured total flux, however, it is scale independent.
The smoothing decreases the amplitude of the negative
bowls around the bright structures (Sect. 2.1). Therefore, the
measured total fluxes for data sets with larger pixel size are
higher for a given weighting scheme (panel (a) of Fig. 8).
Overall, our case study provides an idea of the magnitude
of the effect of changing pixel size or weighting scheme on
the final flux distribution in these data sets.
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Fig. 7 Effect of different weighting schemes on the resulting sampling function and interferometric image. The top
panels show the result of a Fast Fourier Transformation (FFT) of the cleaned interferometric observations of NGC 4214
with different weighting schemes. The top left panel shows the gridded (u, v)-coverage for natural weighting, the top
right panel for uniform weighting. The bottom panels show the velocity-integrated maps of the same observation for the
natural and uniform weighting schemes, respectively. The chosen pixel size for this observation is 3 arcseconds. For these
observations, the measured beam size for the naturally weighted data set is about 20 arcseconds. The corresponding value
for the uniformly weighted data are about 10 arcseconds.
Figure 9 shows the result of flux profiles for NGC 5055.
The curves are quite different for the NGC 5055 data sets
compared to those of NGC 4214 data sets (panel (a) of
Fig. 8). The most significant difference is the strong increase
of the measured total flux values for naturally (robust 5)
weighted data sets, whereas the corresponding values are
constant for the uniformly (robust 0.5) weighted data. This
result suggest that the interferometric array yields more in-
formation regarding different scales and therefore, the neg-
ative bowls are flatter compared to those of NGC 4214.
It is important to mention that the position as well as the
shape and depth of the negative bowls depends on distance,
extent, and orientation of the galaxy on the sky as well as
on the antenna pattern of the interferometric array. The neg-
ative bowls arise when the interferometer lacks large-scale
information. NGC 5055 is located at a larger distance com-
pared to NGC 4214 (Table 1). This suppresses the amplitude
of the negative bowls. This is the reason why the drops ob-
vious in Fig. 9 are smaller than those present in panel (a) of
Fig. 8.
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(b) NGC 4214: PSD profiles
Fig. 8 Measured cumulative flux as a function of radial
separation from the center of the velocity-integrated maps
and PSD profiles for NGC 4214. NA and UN stand for nat-
ural (robust 5) and uniform (robust 0.5) weighting, respec-
tively. Two different pixels sizes of 1.5” and 3” have been
considered. 512 and 1024 are the number of pixels along
both spatial axes. Panel (a) shows the flux profiles of all
the cleaned interferometric data sets of NGC 4214. Panel
(b) shows the PSD profiles of all NGC 4214 data sets. The
blue and red lines show the result of PSD for the uniformly
weighted data sets with a pixel size of 1.5” and 3”, respec-
tively. The green and cyan lines for the naturally weighted
data with a pixel size of 1.5” and 3”, respectively.
8.2 SSC for NGC4214
The current section presents the result of the combination
for all four NGC 4214 data sets as described in Sect. 8.1.
The SSC for NGC 5055 will be presented in a follow-up
paper, including yet deeper and more extended Hi observa-
tions from the HALOGAS survey (Heald et al. 2011).
The SSC is performed using the combination method as
described in Sect. 4. The missing spacings are provided by
the Effelsberg Bonn Hi Survey (EBHIS, Kerp et al. 2011;
Winkel et al. 2010, 2016). The angular resolution of the
EBHIS data cube is 10.8’, the corresponding values in the
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Fig. 9 Measured cumulative flux as a function of ra-
dial separation from the center of the unmasked velocity-
integrated intensity maps of NGC 5055. NA and RO stand
for natural and robust weighting, respectively. Two differ-
ent pixels sizes of 1.5” and 3” have been considered. 512
and 1024 are the number of pixels along both spatial axes.
Note that the impact of applied weighting scheme (sensitiv-
ity) is more significant compared to the impact of chosen
pixel size for these flux profiles. However, the course of the
curves for the NGC 5055 data sets are quite different com-
pared to those of NGC 4214 data sets (panel (a) of Fig. 8)
VLA and combined data sets vary approximately between
6” and 20”. The spectral resolution of the regridded EBHIS,
VLA and combined cubes is about 1.3 km s−1.
Figure 10 shows the result of combination for the nat-
ural weighted NGC 4214 data set with a pixel size of 3”.
The left panel shows the velocity-integrated VLA map, the
right panel that of combination, respectively. Note the sig-
nificance of the negative bowls around the structure obvious
in panel (a).
Figure 11 shows the measured cumulative fluxes for the
combined (blue), VLA (green), and regridded Effelsberg
(red) data cubes of the different NGC 4214 data sets. The
maximum radius probed by the observation is 12.4’ and is
marked with a dashed line. We distinguish between natu-
rally and uniformly weighted data with designations NA
and UN, respectively.
For both naturally weighted data sets, the amount of
measured flux densities at the largest radius, i.e., the accu-
mulated flux across the entire map is in good agreement
with the corresponding value measured in the regridded
EBHIS data. For the uniformly weighted data, the measured
flux densities in the combined map are smaller than the val-
ues measured in the regridded EBHIS data. Note that these
values are significantly higher than the measured values in
the VLA data alone. The difference reveals that the galaxy
contains a considerable amount of diffuse gas, which cannot
be traced by the interferometer.
It is apparent that within the inner radii the measured
flux density for the VLA data is higher than the Effelsberg
data. These regions are dominated by small angular scale
structures (compared to the EBHIS beam). For all the data
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Fig. 10 Velocity-integrated maps of NGC 4214. Panel (a) shows the VLA observations of the galaxy, panel (b) the result
of the combination with the EBHIS single-dish data. The interferometric data are naturally weighted with a pixel size of
3”. Note the strong negative bowls around the galaxy obvious in panel a (blue colors).
sets the measured flux densities for the VLA data reveal a
steep drop at larger radii. This is the result of the aforemen-
tioned negative bowls around the structure. These regions
correspond to large angular scale structures, where the Ef-
felsberg data provide the missing information and compen-
sate this effect.
The results demonstrate that the Effelsberg data can
overcome the short-spacing problem and provide the miss-
ing short-spacing data. They also show that the naturally
weighted data sets lead to better results regarding the short-
spacing correction. This is of great important if the focus is
on measuring total flux or studying extended structures.
9 Summary and outlook
The new era of radio astronomy will be characterized by
new large interferometric arrays. However, the observations
of extended Galactic objects as well as many nearby galax-
ies performed by these new instruments will be subject to
short-spacing problem (SSP). This is due to the fact that in-
terferometric arrays are not sensitive to the emission on the
largest angular scales, which are important to study the ex-
tended and diffuse gas component.
Additionally, data handling is an important aspect for
the current, modern and next-generation facilities. Due to
the huge amount of raw data produced by such arrays long-
term storage of raw data is not feasible. In this paper, a
new combination method is introduced to perform the short-
spacing correction (SSC) in the image domain. The method
operates on reduced, science-ready data. The only inputs
are single-dish and interferometric data cubes as FITS files
and the corresponding telescope beams. Additional infor-
mation such as visibilities or dirty beam images are not re-
quired. This is a key advantage for the observations of fu-
ture telescopes such as ASKAP and WSRT/APERTIF as the
method can operate on-the-fly as part of online data pro-
cessing tools. The comparison with other methods shows
that our approach comes up with very similar results com-
pared those of feathering and combination before deconvo-
lution. Moreover, no Fourier transformation is performed as
the method operates in the image space directly. Thus, the
resulting combined data product is not subject to aliasing if
strong emission is present at the border of the interferomet-
ric map. The crucial step in the pipeline is the regridding of
the single-dish data, where interpolation inaccuracies can
cause flux inconsistency or induce artifacts. However, this
can be efficiently circumvented if an appropriate pixel grid
is chosen during the single-dish data reduction process such
that the difference in the grid resolution of both low- and
high-resolution is not large.
We present archival deep Hi observations of the SMC
carried out with the 64 m Parkes telescope and the ATCA
(Stanimirovic´ et al. 1999; Staveley-Smith et al. 1997) and
the result of their combination. The result of the combina-
tion underlines the importance of the SSC for nearby, ex-
tended galaxies with considerable amount of large angular
scale structure. It also shows that the combination method
meets the expectations regarding the measured flux density
and angular resolution.
Another important consideration is the choice of imag-
ing parameters for interferometric data sets. This topic is
of great importance, since re-imaging is not possible if
raw data are not stored for future facilities producing large
data rates. We study the impact of two imaging parame-
ters, weighting scheme and pixel size, on the reconstructed
synthesized image for two nearby galaxies NGC 4214 and
NGC 5055 from THINGS ensemble (Walter et al. 2008).
Our analysis shows that, as expected, the reconstructed syn-
thesized images from the same raw data can have signifi-
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(c) NGC 4214 - 1024 1.5” NA
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(d) NGC 4214 - 1024 1.5” UN
Fig. 11 Measured cumulative fluxes as a function of radial separation from the center of the map. In all the panels the
blue represents the measured fluxes for the combination, the green line the values for the VLA data, and the red line the
values for the regridded EBHIS data. The dashed line at 12.4’ corresponds to the largest probed radius in the data sets. The
number of pixels along the spatial axes varies between 512 and 1024. The chosen pixel sizes are 1.5” and 3”. NA stands
for natural weighting, UN for uniform.
cantly different properties (e.g., resolution, noise level, sen-
sitivity towards extended structures) depending on the cho-
sen parameters. We also perform the SSC for NGC 4214.
In this case the single-dish data is provided from the
Effelsberg-Bonn Hi Survey (EBHIS, Kerp et al. 2011;
Winkel et al. 2010, 2016). The results show that for the pur-
pose of the short-spacing correction the natural weighted
interferometric data set is the more appropriate choice.
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